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Spectroscopy) for qualitative assessment of mercury present in coals and furnace wastes (slag,
ash). Such information is essential e.g. for determination of the potential effects of waste coal
dumps on the environment (mercury compound emissions through leaching and erosion to water
and soil). No minerals of mercury, i.e. containing mercury as a necessary and substantial compo-
nent were identified with the application of the above mentioned techniques in studied hard coal
and fly ash samples provided by a heat and power plant. In hard coal, mercury was detected as
an impurity only in the alumina silicates. EDS spectra of pure coal grains did not show the emission
lines of mercury. In fly ash, the minerals of mercury were also not detected; mercury was present in
an amorphous component (mineral glass) and probably as an impurity in hauyne Na3Ca(Si3Al3)
O12(SO4).
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).n micro-
2 P. Rompalski et al.Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
2. Methods and materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
3. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
4. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
Acknowledgment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00Table 2 Trace elements content in the ash obtained from
studied samples.
Trace elements (ppm) Sample
PR1 PR2 PR3
Ag <2± 0.4 <2± 0.4 <2 ± 0.4
As 17 ± 3.4 17 ± 3.4 25 ± 5.0
Ba 611 ± 122.2 455 ± 91.0 620 ± 124.0
Cd <2± 0.4 <2± 0.4 <2 ± 0.4
Co 52 ± 10.4 59 ± 11.8 108 ± 21.6
Cr 191 ± 38.2 200 ± 40.0 128 ± 25.6
Cu 95 ± 19.0 105 ± 21.0 158 ± 31.6
Mn 892 ± 178.4 796 ± 159.2 888 ± 177.6
Mo <2± 0.4 <2± 0.4 <2 ± 0.4
Ni 147 ± 29.4 138 ± 27.6 101 ± 20.2
Pb 87 ± 17.4 74 ± 14.8 331 ± 66.2
Rb 156 ± 31.2 152 ± 30.4 158 ± 31.6
Sb <2± 0.4 <2± 0.4 4 ± 0.8
Sn 3 ± 0.6 7 ± 1.4 8 ± 1.6
Sr 464 ± 92.8 365 ± 73.0 461 ± 92.2
V 187 ± 37.4 179 ± 35.8 183 ± 36.6
Zn 230 ± 46.0 258 ± 51.6 1305 ± 261.0
Table 3 Oxides content in the ash obtained from studied
samples.
Oxides (%w/w) Sample
PR1 PR2 PR3
SiO2 51.43 ± 3.09 52.93 ± 3.18 55.37 ± 3.32
Al2O3 25.70 ± 3.08 25.91 ± 3.11 24.30 ± 2.92
Fe2O3 7.51 ± 0.60 8.50 ± 0.68 6.89 ± 0.55
CaO 3.50 ± 0.28 2.52 ± 0.20 3.91 ± 0.31
MgO 3.01 ± 0.54 2.30 ± 0.41 2.53 ± 0.46
Na2O 1.31 ± 0.31 0.61 ± 0.15 0.98 ± 0.24
K2O 3.03 ± 0.30 2.75 ± 0.28 3.39 ± 0.34
SO3 2.33 ± 0.42 2.51 ± 0.45 0.44 ± 0.08
TiO 1.04 ± 0.12 1.01 ± 0.12 1.03 ± 0.121. Introduction
Coal is the major energy resource in Poland, providing approximately
90% of power production (Market Information Centre; Dubin´ski,
2013; Smolin´ski, 2008). The hard coal reserves in Poland amount to
19,485 Gt (Pan´stwowy Instytut Geologiczny, 2015). It is also the essen-
tial energy source worldwide; the world coal consumption in energy
sector (70% in 2010) is expected to increase by 1.3% per year accord-
ing to the US Department of Energy forecast (International Energy
Outlook, 2013). Mercury present in hard coal is released to the envi-
ronment in the process of coal combustion. Most of mercury transfers
into outlet gas, forming oxides, chlorides, nitrates, sulfates, and car-
bonates. Part of mercury is accumulated in furnace wastes, slags,
and fly ash. Mercury cycle and chemical transformation of mercury
during coal combustion have been previously described in the litera-
ture (Gostomczyk et al., 2010; Hławiczka et al., 2003; Smolin´ski,
2007; Yudovich and Ketris, 2005a, 2005b). Mercury is leached from
coal wastes and landfills surface and migrates with water or it is trans-
ported to the air with ashes (Feng et al., 2002; Gibb et al., 2000;
Glodek and Pacyna, 2009; Hower et al., 2005, 2010; Klojzy-
Karczmarczyk and Mazurek, 2010; Kostova et al., 2013;
Niedz´wiecki et al., 2007; Pacyna et al., 2010; Rubel et al., 2006;
Sushil and Batra, 2006; Wang et al., 2010; Vejahati et al., 2010;
Zhang et al., 2007). Qualitative recognition of mercury compounds
in coals and furnace waste would, therefore, significantly contribute
to the management of environmental aspects related to the effects of
coal waste dumps on ground and water.
Mercury compounds have the strong impact on cell membranes of
organisms, affecting various kinds of enzymatic reactions as well as the
accumulation of mercury in human brain and kidneys. Therefore mer-
cury is the third in the ranking of substance toxicity by the Agency for
Toxic Substances and Disease Registry (ASDR) of 2013, just after
arsenic and lead (Agency for Toxic Substances and Disease Registry
(ATSDR) and Michalska, 2010).
The methods most commonly applied in studies of coal structure
and properties include optical and electron microscopy; light absorp-
tion and reflection level; X-ray Diffraction, determination of density
and colloid structure parameters; Visible, Ultraviolet and Infrared
Spectroscopy (UV–VIS); Magnetic Resonance Spectroscopy (MRS);
Electron Spin Resonance Spectroscopy (ESR); Nuclear Magnetic Res-
onance (NMR); and High Resolution Mass Spectrometry (HRMS).Table 1 Proximate and ultimate analyses of the studied
samples.
Parameter Sample
PR1 PR2 PR3
Moisture,
W (%w/w)
1.68 ± 0.30 1.58 ± 0.30 0.39 ± 0.10
Ash, A (%w/w) 23.18 ± 0.44 28.70 ± 0.30 93.70 ± 0.30
Carbon, C (%w/w) 61.57 ± 0.86 57.86 ± 0.42 5.93 ± 0.38
Sulfur, S (%w/w) 0.52 ± 0.04 1.00 ± 0.04 0.00 ± 0.01
Mercury, Hg (ppm) 0.09 ± 0.02 0.11 ± 0.02 0.42 ± 0.02
2
P2O5 0.26 ± 0.04 0.18 ± 0.03 0.34 ± 0.05
Please cite this article in press as: Rompalski, P. et al., Determination of mercury con
scopy coupled with chemical analysis. Arabian Journal of Chemistry (2016), http://Physical methods enable testing of coal in unchanged form and deter-
mination of such specific parameters as surface chemical state and
functional groups. The drawback of these methods is lack of standard
substances enabling objective and unambiguous interpretation of the
results (Jasien´ka, 1995).
In this work, X-ray Diffraction (XRD) and Scanning Electron
Microscopy with X-ray microanalysis (SEM/EDS) were selected to
study the chemical and mineral composition of coal and fly ash.
The most common application of the XRD method is an identifica-
tion of a crystalline chemical compound (or compounds) in a polycrys-
talline material (Dinnebier and Billinge, 2008; Klug and Alexander,tent in hard coal and ﬂy ash using X-ray diﬀraction and scanning electron micro-
dx.doi.org/10.1016/j.arabjc.2016.02.016
Figure 1 (a) The backscattered electron micrographs of the polished section of the PR1 sample of hard coal and (b) the corresponding
results of chemical analysis in the micro areas indicated by numbers 1–6.
Determination of mercury content in hard coal and fly ash 31974). Each crystalline chemical compound (including minerals) is
characterized by its own experimental diffraction pattern with two
important distinguishing features: the positions of the diffraction lines
and their intensities in the diffraction pattern. This characteristic
diffraction pattern reflects the crystalline structure of the phase, which
allows to distinguishing among various polymorphs of the same chem-
ical compound (e.g. SiO2, which can form six different crystalline poly-
morphs and one amorphous phase).
The experimental diffraction pattern of a phase can vary from the
standard diffraction data. This is due to the presence of foreign atoms,
forming the solid solution in the crystalline net. These atoms do not
form their own compounds, so their presence in the minerals can be
detected only by some chemical methods; in this study scanning elec-
tron microscopy (SEM) with EDS detector was applied to analyze
the chemical composition in micro regions. The Rietveld method
(Rietveld, 1967, 1969) was used to quantify the mineral constituents
of the samples.
The aim of this study was the determination of the level of mercury
content and its form of occurrence (mercury minerals or mercury built-
in in the crystalline net of other minerals) in coals and furnace wastes.Please cite this article in press as: Rompalski, P. et al., Determination of mercury cont
scopy coupled with chemical analysis. Arabian Journal of Chemistry (2016), http://dThe determination of chemical and mineral composition of coal and fly
ash, with the application of X-ray Diffraction (XRD) and Scanning
Electron Microscopy with X-ray microanalysis (SEM/EDS) methods
was performed.
2. Methods and materials
Two samples of hard coal (PR1 and PR2) and one sample of
ash (PR3), resulting from the combustion of PR1 coal were
collected in a power plant located in the Silesia region, Poland,
according to the standards PN-G-04502: 1990 (applicable to
hard coal) and BN-81-0623-01 (for slag, ash, and slag-ash
mixtures).
The physical and chemical parameters of hard coals and fly
ash in analytical state were analyzed in Department of Solid
Fuels Quality Assessment of the Central Mining Institute.
Moisture and ash contents were determined based on PN-G-
04560: 1998 and PN-ISO 1171:2002 standards with the appli-ent in hard coal and ﬂy ash using X-ray diﬀraction and scanning electron micro-
x.doi.org/10.1016/j.arabjc.2016.02.016
Fig. 1 (continued)
4 P. Rompalski et al.cation of LECO thermogravimetric analyzer. Carbon and sul-
fur contents were determined with the use of high-temperature
combustion with infrared detector technique using ITR ACS-
40/1500 (Tele- and Radio Research Institute) and 628CHNS
LECO analyzers, respectively. The latter analyses were per-
formed in accordance with standards PN-G-04571:1998 and
PN-G-04584:2001, respectively. Mercury content was deter-
mined in the Department of Environmental Monitoring ofPlease cite this article in press as: Rompalski, P. et al., Determination of mercury con
scopy coupled with chemical analysis. Arabian Journal of Chemistry (2016), http://the Central Mining Institute with the application of high-
temperature combustion coupled with Cold Vapor Atomic
Absorption Spectrometry (CVAAS) and the gold amalgama-
tion process, using MA-2000 Nippon Instrument Corporation.
The results are given in Table 1.
Ash samples were also prepared from the PR1-PR3 materi-
als and analyzed in terms of trace elements and oxide contents
in the Department of Environmental Monitoring of the Cen-tent in hard coal and ﬂy ash using X-ray diﬀraction and scanning electron micro-
dx.doi.org/10.1016/j.arabjc.2016.02.016
Fig. 1 (continued)
Determination of mercury content in hard coal and fly ash 5tral Mining Institute with the application of X-ray Fluores-
cence technique and ZSX Prymus II, RIGAKU instrument
(see Tables 2 and 3). The pellets were made by pressing the
ash with graphite.
Two fractions, mineral and organic, were obtained in the
dense liquid (1.4 g/cm3) separation process of the samples
tested. The analysis of each fraction enabled more in-depth
assessment of the presence of mercury compounds in the sam-
ples tested.Please cite this article in press as: Rompalski, P. et al., Determination of mercury cont
scopy coupled with chemical analysis. Arabian Journal of Chemistry (2016), http://dThe samples for XRD experiments were ground in a Fritsch
Pulverisette 0 mill. The XRD diffraction patterns were
obtained using filtered Fe Ka radiation and a PANalytical
Empyrean diffractometer equipped with a high efficient,
solid-state PIXcel detector. The identification of minerals
was performed with the application of standard diffraction
data of Powder Diffraction File PDF-4+, updated and
released yearly by the International Centre for Diffraction
Data, USA. There is no limit concerned with the number ofent in hard coal and ﬂy ash using X-ray diﬀraction and scanning electron micro-
x.doi.org/10.1016/j.arabjc.2016.02.016
Fig. 1 (continued)
6 P. Rompalski et al.possible identified phases but a detection limit of a mineral in
the XRD studies depends on its structure and the coexisting
minerals, forming the matrix. The published XRD detection
limits for various minerals (Feret, 2000) showed significant dif-
ferences depending on the iron content in a sample. The detec-
tion limit of quartz changed from 0.12 wt% to 0.5 wt%; for
kaolinite – from 1.7 wt% to 7.8 wt%, for the lower and the
higher content of iron, respectively. In such a light matrix as
coal and also as fly ash, the detection limits of many mineralsPlease cite this article in press as: Rompalski, P. et al., Determination of mercury con
scopy coupled with chemical analysis. Arabian Journal of Chemistry (2016), http://are usually very low – much below 1.0 wt%. The quantitative
phase analysis was done using the Rietveld method and the
SIROQUANTTM software. The software can be used to analyze
and quantify up to 25 crystalline phases simultaneously and, in
the same time, an additional constituent – the amorphous
phase. The structural data of mineral constituents of the exam-
ined samples were taken from the PDF-4+ base. Powdered
corundum, the certified Standard Reference Material No.
676a, produced by National Institute for Standards and Tech-tent in hard coal and ﬂy ash using X-ray diﬀraction and scanning electron micro-
dx.doi.org/10.1016/j.arabjc.2016.02.016
Figure 2 The polished section of the PR1 sample of hard coal. (a) The backscattered electron micrograph of a mineral grain, (b) the
details of the collected spectrum from the area marked in (a) and the entire spectrum (the emission line of Hg is marked with a circle), the
parts of energy spectrum with the fitted emission standard lines of sulfur (gray lines) and phosphor (c), and phosphor, sulfur and mercury
(white lines) (d).
Determination of mercury content in hard coal and fly ash 7nology (USA), was used as a spike phase to detect and quan-
tify the organic part (the hard coal samples) and the amor-
phous component (the fly ash sample).Please cite this article in press as: Rompalski, P. et al., Determination of mercury cont
scopy coupled with chemical analysis. Arabian Journal of Chemistry (2016), http://dThe morphology of powder particles was analyzed with the
application of Inspect F scanning electron microscope. The
chemical analysis of microareas was performed with the appli-ent in hard coal and ﬂy ash using X-ray diﬀraction and scanning electron micro-
x.doi.org/10.1016/j.arabjc.2016.02.016
Figure 3 The experimental diffraction pattern of the PR1 sample of hard coal. The most intense diffraction lines of the individual phases
are indicated with letters Q – quartz, K – kaolinite, M – muscovite, B – biotite, P – pyrite, D – dolomite, and H – halite.
8 P. Rompalski et al.cation of EDS detector. The particles of the PR3 sample (fly
ash) were glued to a sample holder using carbon glue to
remove the built-up electric charge from the holder. The PR1
and PR2 samples (hard coal) were prepared as the metallo-
graphic specimens. Both kinds of studies (XRD and SEM–
EDS) were carried out in the Instytut Metalurgii _Zelaza.
3. Results and discussion
The mineral composition of the PR1 sample was determined
based on the analysis of the mineral fraction resulting from
the dense liquid separation of the sample. The SEM–EDS data
are presented in Fig. 1, showing the SEM/BSE images and theFigure 4 (a) The backscattered electron micrographs of the polished
results of chemical analysis in the micro areas indicated by numbers 1
Please cite this article in press as: Rompalski, P. et al., Determination of mercury con
scopy coupled with chemical analysis. Arabian Journal of Chemistry (2016), http://spectra of various minerals, forming the mineral matter of
coal. The letters M and K in Figs. 1, 4 and 7 represent the
characteristic X-ray emission lines of mercury and the remain-
ing elements, respectively. Spectrum 1 shows the chemical
composition of a coal grain, spectra 3 and 9 correspond to
quartz, and spectra 8, 10, and 13 refer to carbonates: calcite
and dolomite. The presence of halite is proved by spectra 4,
6, 16, and 17, and the content of pyrite is indicated by spec-
trum 12. There are six spectra of alumina silicates (denoted
2, 5, 7, 11, 14, and 15); three of them contain traces of mercury.
Arrows in Fig. 1 indicate the position of a characteristic X-ray
M line of mercury. Furthermore, very weak lines of mercury
can be found on emission spectra of alumina silicates, contain-section of the PR2 sample of hard coal and (b) the corresponding
–12.
tent in hard coal and ﬂy ash using X-ray diﬀraction and scanning electron micro-
dx.doi.org/10.1016/j.arabjc.2016.02.016
Fig. 4 (continued)
Determination of mercury content in hard coal and fly ash 9ing also potassium, sodium, magnesium, iron, titanium, cal-
cium, chlorine, and sulfur (spectra 11, 14, and 15). It can be
clearly seen that in the PR1 sample of hard coal only one type
of minerals grains contains traces of mercury, i.e. some grains
of alumina silicates. The analyzed grains of coal showed no
traces of mercury (spectrum 1).
Fig. 2 shows the backscattered electron micrograph of a
selected mineral grain of the PR1 sample containing mainly
aluminum, silicon and oxygen (Fig. 2a), the details of the col-Please cite this article in press as: Rompalski, P. et al., Determination of mercury cont
scopy coupled with chemical analysis. Arabian Journal of Chemistry (2016), http://dlected spectrum from the marked area of the PR1 sample and
the entire spectrum (Fig. 2b). Below, the part of the spectra is
shown with the fit of the standard emission lines of phosphorus
and sulfur to the experimental data (Fig. 2c). The line of low
intensity of mercury, partly overlapping with the line of sulfur,
is clearly seen. The final fit of the phosphorus, sulfur and mer-
cury lines is presented in Fig. 2d.
The diffraction pattern of the PR1 sample of hard coal is
presented in Fig. 3. Because of the considerable total numberent in hard coal and ﬂy ash using X-ray diﬀraction and scanning electron micro-
x.doi.org/10.1016/j.arabjc.2016.02.016
Fig. 4 (continued)
10 P. Rompalski et al.of the diffraction lines (reflexes) of the identified minerals in
the presented range of the diffraction pattern, only the stron-
gest diffraction lines of the mineral constituents of the sample
are marked by letters.
The results of a quantitative phase analysis of the mineral
matter of coal (see Table 4) show that it was formed mainly
by quartz, kaolinite, muscovite, and illite. Carbonates, such
as dolomite and traces of calcite, were also present. The frac-Please cite this article in press as: Rompalski, P. et al., Determination of mercury con
scopy coupled with chemical analysis. Arabian Journal of Chemistry (2016), http://tions of pyrite and halite were below 0.5%w/w. The values
of errors shown in Table 4 (and in Tables 5 and 6) contain both
statistical and systematic components (Taylor and Hinczak,
2001).
No crystalline mercury compounds were identified in the
phase analysis process. The parallel examination of the
SEM–EDS and the XRD results showed that mercury was pre-
sent as an impurity in some alumina silicates.tent in hard coal and ﬂy ash using X-ray diﬀraction and scanning electron micro-
dx.doi.org/10.1016/j.arabjc.2016.02.016
Table 4 The results of minerals identification and quantitative
phase analysis of inorganic matter of the PR1 sample. The
residue is the non-crystalline organic matter – coal and other
possible amorphous minerals. The values of the errors contain
both statistical and systematical components. The space group
symbols of the individual crystalline phases are included.
Mineral Space
group
Fraction
(%w/w)
Quartz, SiO2 P3221 4.0 ± 0.8
Kaolinite, Al2Si2O5(OH)4 C1 3.8 ± 0.8
Muscovite, KAl2Si4O10(OH)2 C2/c 4.4 ± 1.6
Illite, (K, H3O)Al2Si3AlO10(OH)2 C2/c 2.6 ± 1.6
Biotite, KFeMg2(AlSi3O10)(OH)2 C2/m <0.5 ± 0.1
Dolomite, CaMg(CO3)2 R3 2.4 ± 0.8
Calcite, CaCO3 R3c <0.5 ± 0.1
Pyrite, FeS2 Pa3 <0.5 ± 0.1
Halite, NaCl Fm3m <0.5 ± 0.1
Gypsum, CaSO42H2O C2/c <0.5 ± 0.1
Total amount of crystalline mineral
matter
18.4
The residue – coal and possible
amorphous minerals
81.6 ± 2.4
Table 5 The results of minerals identification and quantitative
phase analysis of inorganic matter of the PR2 sample. The
residue is the non-crystalline organic matter – coal and other
possible amorphous minerals. The values of the errors contain
both statistical and systematical components. The space group
symbols of the individual crystalline phases are included.
Mineral Space
group
Fraction
(%w/w)
Quartz, SiO2 P3221 5.8 ± 1.0
Kaolinite, Al2Si2O5(OH)4 C1 5.0 ± 1.0
Chamosite, (Fe, Al, Mg)6(Si,
Al)4O10(OH)8
C2/m <0.5 ± 0.1
Muscovite, KAl2Si4O10(OH)2 C2/c 4.4 ± 2.0
Illite, (K, H3O)Al2Si3AlO10(OH)2 C2/c 2.0 ± 1.0
Biotite, KFeMg2(AlSi3O10)(OH)2 C2/m 1.4 ± 1.0
Dolomite, CaMg(CO3)2 R3 <0.5 ± 0.1
Calcite, CaCO3 R3c 0.5 ± 0.1
Siderite, FeCO3 R3c 0.5 ± 0.1
Pyrite, FeS2 Pa3 <0.5 ± 0.1
Halite, NaCl Fm3m <0.5 ± 0.1
Magnetite, Fe3O4 Fd3m <0.5 ± 0.1
Hematite, Fe2O3 R3c <0.5 ± 0.1
Goethite, a-FeO(OH) Pbnm <0.5 ± 0.1
Rutile, TiO2 P42/mnm <0.5 ± 0.1
Total amount of crystalline mineral
matter
20.6
The residue – coal and possible
amorphous minerals
79.4 ± 4.2
Table 6 The results of minerals identification and quantitative
phase analysis of inorganic matter of the PR3 sample. The
residue is the amorphous phase. The values of the errors
contain both statistical and systematical components. The
space group symbols of the individual crystalline phases are
included.
Mineral Space
group
Fraction
(%w/w)
Quartz, SiO2 P3221 10.0 ± 0.4
Mullite, Al6Si2O13 Pbam 11.1 ± 0.4
Lime, CaO Fm3m <0.5 ± 0.1
Calcite, CaCO3 R3c <0.5 ± 0.1
Anhydrite, CaSO4 Bmmb <0.5 ± 0.1
Periclase, MgO Fm3m 0.9 ± 0.4
Magnetite, Fe3O4 Fd3m 0.7 ± 0.4
Hematite, a-Fe2O3 R3c <0.5 ± 0.1
Rutile, TiO2 P42/mnm <0.5 ± 0.1
Hauyne, Na3Ca(Si3Al3)O12(SO4) P43n <0.5 ± 0.1
The residue – amorphous component
(mineral glass)
75.9 ± 1.8
Determination of mercury content in hard coal and fly ash 11The results of SEM/EDS analysis of mineral fraction and
characteristic of the PR2 sample are given in Fig. 4. As in
the case of the PR1 sample, as many as possible results of
the local chemical analysis of the minerals grains are shown
to present the variety of the existing minerals. Spectrum 2
(light grains in Fig. 4a) corresponds to iron oxides; spectra 3
and 6 (light gray grains in Fig. 4a) relate to quartz; spectraPlease cite this article in press as: Rompalski, P. et al., Determination of mercury cont
scopy coupled with chemical analysis. Arabian Journal of Chemistry (2016), http://d1, 4, 5, 7, 9, and 10 indicate two kinds of alumina silicates. Car-
bonates containing calcium and magnesium (probably dolo-
mite) are presented on spectrum 11 (Fig. 4b). Arrows
indicate the position of a small characteristic X-ray M line
of mercury in the spectrum of alumina silicate (see spectra 5
and 7 in Fig. 4b). Similarly like in the PR1 sample, mercury
was observed only in the grains containing mainly aluminum,
silicon and oxygen.
The identified three main crystalline components of the
inorganic matter of the PR2 sample were quartz, kaolinite,
and muscovite (see Table 5 and Fig. 5). The total number of
diffraction lines was also significantly high (over two hundred).
The positions of the strongest ones are marked by letters in
Fig. 5. Illite, biotite, and chamosite were also detected, but
at over twofold lower contents. The fraction of carbonates
was the largest among the remaining group of minerals cover-
ing also oxides, sulfides, and chlorides. The oxides group was
represented mainly by iron oxides (magnetite, hematite, and
goethite). A small amount of rutile was also detected.
The observed diffraction lines did not fit any minerals of
mercury (see Fig. 5). Based on the analysis of the diffraction
data and the results of chemical analysis in micro areas (Figs. 4
and 6) it may be deduced that the atoms of mercury can be
found as impurities forming solid solutions in alumina silicates
containing iron. There are at least two minerals containing
iron: chamosite and biotite. No traces of mercury were
observed in the grains of coal.
In Fig. 6 the backscattered electron micrograph of a min-
eral grain, containing mercury, the details of the collected spec-
trum from the marked area of the PR2 sample and the entire
spectrum are shown. The emission line of small intensity of
mercury is observed in the vicinity of the line of sulfur.
The results of SEM/EDS analysis of the ash sample (PR3)
are shown in Fig. 7. The large gray grains, consist of alu-
minum, silicon and oxide (as the major elements – spectra 1,
2, 4, 5, and 7–9) and also of potassium, magnesium, sodium,
calcium, iron, sulfur and, in some grains, mercury (spectra 1,
8, 9), whereas the light gray grains correspond to iron oxides
– the spectra Nos. 3, 6, and 10. The black area in Fig. 7a rep-ent in hard coal and ﬂy ash using X-ray diﬀraction and scanning electron micro-
x.doi.org/10.1016/j.arabjc.2016.02.016
Figure 5 The experimental diffraction pattern of the PR2 sample of hard coal. The diffraction lines of the individual phases are indicated
with letters Q – quartz, K – kaolinite, M – muscovite, B – biotite, IL –illite, Ch – chamosite, G – goethite, P – pyrite, D – dolomite,
S – siderite, and H – halite.
Figure 6 The polished section n of the PR2 sample of hard coal. (a) The backscattered electron micrograph of a mineral grain and (b) the
details of the collected spectrum from the area marked in (a) and the entire spectrum (the emission line of Hg is marked with a circle).
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Figure 7 The particles of the PR3 sample (fly ash) glued to a sample holder using carbon glue. (a) The backscattered electron
micrographs of the particles of the sample PR3 and (b) the corresponding results of chemical analysis in the micro areas indicated by
numbers 1–10.
Determination of mercury content in hard coal and fly ash 13
Please cite this article in press as: Rompalski, P. et al., Determination of mercury content in hard coal and ﬂy ash using X-ray diﬀraction and scanning electron micro-
scopy coupled with chemical analysis. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.02.016
Fig. 7 (continued)
14 P. Rompalski et al.resents resin. Arrows in the spectra indicate the position of a
characteristic X-ray M line of mercury.
Fig. 8 depicts the backscattered electron micrograph of a
mineral grain (Fig. 8a), the details of the collected spectrum
from the marked area of the PR3 sample with the entire spec-
trum (Fig. 8b) and the fit of the standard emission lines of mer-
cury to the experimental spectrum (Fig. 8c). The fit of the
phosphorus emission lines is also included.
The diffraction pattern of the PR3 sample is presented in
Fig. 9; the insert in Fig. 9 shows the part of the diffraction pat-
tern with the markers corresponding to the positions of the
diffraction lines of individual minerals. The position of the
strongest diffraction line of hauyne is marked in black. The
results of quantitative phase analysis of the mineral matter
are given in Table 6. The mineral glass (amorphous compo-
nent) was the dominant constituent of the sample. The crys-
talline part of the sample consisted of several minerals, with
the highest fractions of quartz, and mullite. Magnetite and per-
iclase contents were approximately 1%w/w, and the concentra-
tions of the remaining minerals were below 0.5%w/w. The
minerals of mercury were not detected in the examined sample.
The results of the chemical analysis in micro areas proved
that mercury was present in mineral particles containing alu-
minum, silica, oxygen, magnesium, calcium, potassium, andPlease cite this article in press as: Rompalski, P. et al., Determination of mercury con
scopy coupled with chemical analysis. Arabian Journal of Chemistry (2016), http://sodium. Such chemical composition (excluded mercury) is typ-
ical of amorphous particles in fly ash (Kutchko and Kim,
2006). Some additions of iron and titanium were also observed
in these kind of particles in the PR3 sample. The presence of
sulfur (spectra no. 1, 8 in Fig. 7) and hauyne (diffraction pat-
tern in Fig. 9) implies that mercury was also included as an
impurity in hauyne.
4. Conclusions
The techniques applied proved to be useful for detection of the
mercury presence and the identification of the form of its
occurrence in coals and furnace wastes. The analysis of the
EDS spectra enabled identification of the particular elements
in the examined areas of coal and ash samples. These also
allowed the accurate, qualitative estimation of mercury occur-
rence in the furnace waste. The Rietveld quantitative phase
analysis provided the information on the quantities of minerals
containing additions of mercury in coal and fly ash samples.
With this information, it is possible to predict the impact of
combustion waste landfill on the environment, in particular the
emissions of mercury compounds through leaching and ero-
sion to water and soil. The results of XRD and SEM/EDS
studies indicated that minerals of mercury were not presenttent in hard coal and ﬂy ash using X-ray diﬀraction and scanning electron micro-
dx.doi.org/10.1016/j.arabjc.2016.02.016
Figure 8 The polished section of the PR3 sample of fly ash. (a) The backscattered electron micrographs of mineral grains and (b) the
details of the collected spectrum from the area marked in (a) and the entire spectrum. The emission line of Hg is marked with a circle. In
Fig. 8(c), the fit of the emission lines of phosphorus and mercury is shown. The white lines represent the mercury emission lines.
Figure 9 The experimental diffraction pattern of the PR3 sample of fly ash. The diffraction lines of the individual phases are indicated
with letters Q – quartz, Mu – mullite, C – calcite, L – lime, P – periclase, M – magnetite, and A – anhydrite. The insert in the upper right
corner shows the part of the diffraction pattern containing the most intense lines of hauyne (black marker), and anhydrite, mullite and
quartz (gray markers). The strongest quartz line is the first on the right.
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16 P. Rompalski et al.in the studied samples. In both coal samples mercury was
detected as an impurity in alumina silicates grains; in the sec-
ond coal sample mercury was found in alumina silicates con-
taining iron. The EDS spectra of pure coal grains did not
show any emission lines of mercury. In the fly ash sample, mer-
cury was identified in an amorphous component (mineral
glass) and, probably, in hauyne.
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